Autism spectrum disorder (ASD) is a neurodevelopmental disorder, featuring social communication deficit and repetitive/restricted behaviors as common symptoms. Its prevalence has continuously increased, but, till now, there are no therapeutic approaches to relieve the core symptoms, particularly social deficit. In previous studies, abnormal function of the glutamatergic neural system has been proposed as a critical mediator and therapeutic target of ASD-associated symptoms. Here, we investigated the possible roles of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) in autism symptoms using two well-known autistic animal models, Cntnap2 knockout (KO) mice and in utero valproic acid-exposed ICR (VPA) mice. We found that Cntnap2 KO mice displayed decreased glutamate receptor expression and transmission. Contrarily, VPA mice exhibited increased glutamate receptor expression and transmission. Next, we investigated whether AMPAR modulators (positive-allosteric-modulator for Cntnap2 KO mice and antagonist for VPA mice) can improve autistic symptoms by normalizing the aberrant excitatory transmission in the respective animal models. Interestingly, the AMPAR modulation specifically ameliorated social deficits in both animal models. These results indicated that AMPAR-derived excitatory neural transmission changes can affect normal social behavior. To validate this, we injected an AMPAR agonist or antagonist in control ICR mice and, interestingly, these treatments impaired only the social behavior, without affecting the repetitive and hyperactive behaviors. Collectively, these results provide insight into the role of AMPARs in the underlying pathophysiological mechanisms of ASD, and demonstrate that modulation of AMPAR can be a potential target for the treatment of social behavior deficits associated with ASD. 
INTRODUCTION
Autism spectrum disorder (ASD) is a complex neurodevelopmental disorder characterized by the two prominent behavioral symptoms of impaired social communication and restricted/repetitive behaviors. The global prevalence of ASD is increasing, and currently reaches almost 1% [1] . Its pathophysiological mechanisms are so complex that individual ASD animal models encapsulate different behavioral and pathophysiological phenotypes [2] [3] [4] [5] , which makes it difficult for the overall drug development process to succeed. Thus, it might be necessary to subdivide ASD into more specific groups based on an understanding of the pathophysiological mechanism.
One possible criterion for subdividing ASD is the excitatory-inhibitory imbalance (E/I imbalance) hypothesis [6] . Most neurons in the brain are connected to each other through excitatory or inhibitory synapses. Any structural or functional abnormality in these synapses can cause misprocessing of information and connectivity problems (reviewed in refs. [5, 6] ). Indeed, a previous optogenetic study demonstrated that abnormal activation of the excitatory neuron in the frontal cortex causes social impairments and abnormal electroencephalography (EEG) synchrony [7] . Additionally, patients with ASD, as well as autistic animal models, display abnormal expression of synaptic proteins and functional defects in their excitatory or inhibitory neurons, which has led to the E/I imbalance hypothesis being a major approach to understanding the pathophysiology of ASD [5, [8] [9] [10] [11] .
On the basis of the E/I imbalance hypothesis, glutamatergic receptors, especially, N-methyl-D-aspartate receptors (NMDARs) have been regarded as a potential therapeutic target to relieve autism-like symptoms in preclinical studies [12] [13] [14] [15] . However, a large number of clinical or preclinical studies also suggest that α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) may be implicated in ASD. In a postmortem study, increased mRNA and protein expression levels of GluA1 were observed in the cerebellum of patients with ASD [16] . In clinical genetic studies, copy number variations have been reported in the genetic loci of AMPAR, and deletion of GRIA2 gene was also found in patients with ASD [17] [18] [19] [20] . In preclinical studies, Gria1 knockout (KO) mice exhibited decreased social interactions [21] . Further, ASD mouse models, such as Nlgn3 R704C knock-in mice and Ube3a KO mice, displayed aberrant AMPAR subunit expression and functional impairment of AMPARs in the hippocampus [22, 23] . These results prompted us to consider a role of AMPARs in ASD.
Here, to investigate whether AMPARs can be a potential therapeutic target, we used two animal models: a contactinassociated protein-like 2 gene (Cntnap2) KO mouse model, and a prenatal exposure of valproic acid-induced mouse model (VPA mice). CNTNAP2 is a well-established ASD risk factor, and its mutation is frequently observed in patients with ASD [24, 25] . Cntnap2 KO mice are a validated ASD animal model exhibiting repetitive grooming behaviors and social deficits [26] . In utero VPA exposure is a well-known environmental risk factor for ASD, and increases the occurrence rate by~20 times [27] . The VPA mice display autism-like behaviors, such as the social deficit, repetitive grooming, and hyperactive behavior, [28, 29] and the glutamatergic transmission in their prefrontal cortex (PFC) was found to be enhanced [13, 30] .
In this study, we found that Cntnap2 KO and VPA mice displayed reduced and increased glutamatergic receptor expression and function, respectively, although their autism-like behaviors were similar. Interestingly, administration of AMPAR agonist or antagonist to Cntnap2 KO or VPA mice rescued the social deficits, but not other ASD-like behaviors. On the basis of these findings, we postulated that social behaviors can be affected by AMPAR activity, and administered AMPAR agonist or antagonist to control Istitute of Cancer Research (ICR, Hsd:ICR or CD-1) mice, and monitored their behavioral changes. Remarkably, either of the AMPAR agonist or antagonist treatment specifically impaired normal social behaviors of the control mice. Thus, our results suggest that the regulation of excitatory neural activity by AMPARs is crucial for normal social behaviors, suggesting the importance of AMPAR transmission in the pathophysiological mechanism of ASD.
MATERIALS AND METHODS

Animals
Cntnap2-KO mice were a generous gift from Dr. Daniel H. Geschwind [26] . For the VPA-induced animal model of autism (VPA-exposed mice or VPA mice), prenatal exposure of VPA or PBS was performed as previously reported [28] . Mice were injected with 300 mg/kg of VPA subcutaneously at embryonic day 10. The maintenance conditions and ethics protocol have been described in the supplementary information.
Drug treatment
We intraperitoneally injected CP465022 (0.25, 0.5, and 1 mg/kg, AMPAR antagonist), PF4778574 (0.15 and 0.3 mg/kg, positiveallosteric modulator [PAM]) or vehicle (5% DMSO in saline) 30 min before each behavioral experiment. These drugs have been reported to be AMPAR-selective and brain-penetrable, and dosages and route of administration were selected based on previous studies and preliminary tests [31, 32] .
Three-chamber social interaction test The three-chamber social interaction test was performed from P28 to P32 as previously reported [28] . After habituation for 5 min in the central compartment of the arena, a novel conspecific mouse was introduced into the wire cage of either the left or right compartment (stranger zone 1) randomly for the sociability test. Subsequently, social preference test was conducted for 10 min. A new conspecific mouse was introduced into the wire cage of the opposite compartment (stranger zone 2), followed by measurement of time spent in each compartment, as in the previous session. Time spent in each compartment and near each cage (5-cm distance from the cage) was measured as stay duration and approach duration, respectively (Supplementary Figure 9) . The traces of the mouse movements during the experiments were automatically recorded using the EthoVision software.
Juvenile social play The test was performed from P24 to P26, as previously described, with a slight modification [28] . Before the test, the subject mouse was isolated for 30 min in a new cage with clean bedding. Subsequently, a conspecific stranger mouse of the same age and sex as the subject was introduced into the cage. Accumulated social interaction time, including sniffing, following, allogrooming, and crawling under the partner, was measured for 10 min.
Repetitive self-grooming test The test was performed from P30 to P35 as previously reported [28] . Before the experiment, each mouse was placed in the polycarbonate cage without bedding to stimulate grooming behavior, and was habituated for 10 min. The cumulative grooming time was measured for another 10 min by a "blind observer" 2 m away from the cage.
Western blot analysis Brain tissues were collected at P28. The tissues were homogenized using RIPA buffer (150 mM sodium chloride, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) with protease and phosphatase inhibitors (protease inhibitor cocktail [Roche, No.11873580001], 50 mM NaF, 1 mM PMSF, and 1 mM Na 2 VO 4 ). BCA was performed to quantify the protein concentrations, and equal amounts of proteins were loaded on 8% SDS-PAGE gels, and then transferred to nitrocellulose membranes. After transfer, membranes were incubated with 1% skim milk for 1 h, and with primary antibody overnight at 4°C. A 2-h incubation with the peroxidase-conjugated secondary antibody (Invitrogen; rabbit: G21040, mouse: G21234) at room temperature followed, and the signals of the blots were detected using the WEST-ZOL Plus (iNtRON Biotechnology, 16024), and exposed to LAS-3000 imaging system (Fuji film). The blots were quantified using multi-gauge V3.0 software (Fuji film), and normalized with β-actin immunoreactivity.
Slice preparation Slices were prepared from P28 to P35 mice. Before decapitation, mice were anesthetized with isoflurane, and the brains were rapidly collected and transferred into ice-cold sucrose dissecting solution containing (in mM) 212 sucrose, 3 KCl, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 7 MgCl 2 , and 10 glucose. Coronal slices (350-μm-thick) containing the medial PFC (mPFC) were obtained using a Leica VT1200S vibratome. Slices were stored in a submerged holding chamber filled with artificial cerebrospinal fluid containing (in mM) 118 NaCl, 2.5 KCl, 1 NaH 2 PO 4 , 26.2 NaHCO 3 , 11 glucose, 2 CaCl 2 , and 1 MgCl 2 (oxygenated with 95% O 2 /5% CO 2 ) at 35°C. After 1 h of recovery, brain slices were kept at room temperature during recording.
Electrophysiology
Neurons in the mPFC were voltage clamped at −60 or 0 mV to measure the excitatory or inhibitory transmission, respectively, using an Axoclamp-200B amplifier (Axon Instruments, Union City, CA, USA), filtered at 2 kHz and sampled at 5 kHz. The pClamp software (Version 10.3, Axon Instruments) was used for data acquisition and analysis. The resistance of patch glass pipettes was 2-4 MΩ, and the internal solution contained (in mM) 115 Cs methanesulfonate, 20 CsCl, 10 HEPES, 2.5 MgCl 2 , 4 Na 2 -ATP, 0.4 Na 2 -GTP, 10 Na-phosphocreatine, and 0.6 EGTA (pH 7.2). To measure the miniature excitatory postsynaptic currents (mEPSCs), picrotoxin (50 μM) and tetrodotoxin (1 μM) were added throughout the experiments. To measure the miniature inhibitory postsynaptic currents (mIPSCs), CNQX (10 μM), AP5 (50 μM), and tetrodotoxin (1 μM) were added throughout the experiments. Input and series resistances were continuously monitored.
RESULTS
Cntnap2 KO mice display reduced glutamate receptor expression and function
We analyzed the expression of AMPAR subunits, GluA1 and GluA2, and NMDAR subunits, GluN1, GluN2A, and GluN2B, in the PFC (Fig. 1a, b) . Interestingly, GluA1, GluA2, GluN2A, and GluN2B, but not GluN1, expressions were reduced in Cntnap2 KO mice. We also confirmed these results using primary cortical neuronal cultures (Supplementary Figure 1) . We infected primary neurons with lentiviral Cntnap2 shRNA knockdown (KD) construct at days in vitro (DIV) 7, and measured the glutamate receptor expression at DIV12. Consistent with the in vivo results, reduced expressions of GluA1, GluA2, GluN2A, and GluN2B were observed in Cntnap2 KD-cortical neurons, suggesting that reduced CNTNAP2 expression (~50%) during neural development affects the expression of glutamate receptors. Next, to determine whether reduced glutamate receptor expression affects synaptic transmission, we measured the mEPSC amplitude and frequency in the mPFC (infralimbic cortex, layer 2/3 pyramidal neurons) using a wholecell patch clamp ( Fig. 1c-e) . The amplitude was significantly reduced in Cntnap2 KO mice, indicating reduced function or number of postsynaptic glutamate receptors, while the frequency, an indicator of presynaptic function, remained unchanged.
AMPAR agonist rescues impaired social behavior of Cntnap2 KO mice To determine the role of AMPARs in the autism-like behavioral phenotypes of Cntnap2 KO mice, we performed the threechamber social interaction test ( Fig. 2a-d ) and repetitive selfgrooming test (Fig. 2e ), 30 min after administration of the AMPAR agonist PF4778574. Vehicle-treated Cntnap2 KO mice did not show preference to the compartment with a conspecific stranger mouse, but treatment with PF4778574 in these mice rescued this impaired social behavior (Fig. 2a) . We also analyzed the approach duration, representing the stay duration near the cage in each compartment. Similarly, PF4778574 treatment significantly restored the impaired social behavior in Cntnap2 KO mice (Fig. 2b ). In addition, Cntnap2 KO mice displayed reduced preference to a novel mouse in the social preference test, which was also rescued by PF4778574 treatment (Fig. 2c, d ). However, AMPAR agonist treatment did not significantly ameliorate the excessive repetitive self-grooming behavior of Cntnap2 KO mice, although it showed decreasing trends (Fig. 2e) . To verify that the therapeutic effect was not age-dependent, we confirmed the impaired social behavior and repetitive grooming in adult mice (9-12 weeks old, Supplementary Figure 2) . Consistent with the findings in young mice, social impairments, but not repetitive self-grooming behaviors, were rescued by PF4778574 treatment in adult Cntnap2 KO mice. Interestingly, PF4778574 treatment of wild-type (WT) mice induced social impairment not only in the sociability test but also in the social preference test (Fig. 2a-d) , suggesting that excessively increased neural transmission due to AMPAR agonist treatment might lead to abnormal social behaviors.
Expression of ionotropic glutamate receptors and excitatory synaptic transmission are increased in in utero VPA-exposed mice In previous studies, in utero VPA-exposed rats displayed increased expression levels of glutamate receptors and enhanced excitatory synaptic transmission, especially in the PFC [13, 33] . To validate these observations in our mouse model, we performed western blotting using the PFC tissue from these mice (Fig. 3a, b) . We found that the expression levels of GluA1 and GluN2B were significantly increased in the VPA mice. Moreover, our whole-cell patch clamp analysis revealed that the amplitude of mEPSCs in the mPFC of VPA-exposed mice was significantly increased compared to that of control mice, while the frequency remained unchanged (Fig. 3c-e) . When we analyzed our whole-cell patch clamp data in a layer-specific manner (Supplementary Figure 3) , the pyramidal neurons in the superficial layer (layer 2/3) of VPA-exposed mice displayed significantly larger amplitude of mEPSCs than that of control mice, while the amplitude of mEPSCs in the deep layer (layer 5) of VPA-exposed mice was not different from that of control mice. There was no layer-dependent difference in the mEPSCs frequency between groups. We also measured the mIPSCs in the mPFC, but there were no significant changes in the amplitude and frequency of mIPSCs (Supplementary Figure 4) . Suppression of AMPAR-mediated transmission rescues social deficits in in utero VPA-exposed mice To investigate the effect of AMPAR activity suppression on autismlike behaviors of VPA mice, an AMPAR antagonist, CP465022, was administered intraperitoneally, and behavioral tests were performed 30 min later (Fig. 4 and Supplementary Figure 5) . In the sociability test, VPA mice did not stay significantly longer in the conspecific stranger mouse area than the empty cage area (Fig. 4a,  b) . This impaired social behavior was rescued by CP465022 treatment at the doses of 0.5 and 1 mg/kg. In the social preference test, VPA-exposed mice did not exhibit a significant preference to the novel mouse (Fig. 4c, d ). The impaired social preference was also rescued by CP465022 treatment at all doses. The therapeutic effects of CP465022 on social behaviors were re-evaluated in the juvenile social play test (Fig. 4e) . The cumulative social behavior time significantly increased upon treatment with 0.5 and 1 mg/kg of CP465022, confirming the above results. In the grooming test, VPA-exposed mice exhibited increased grooming time, which was not rescued by CP465022 treatment (Fig. 4f) . We also measured the repetitive digging behavior, but CP465022 treatment failed to reduce the excessive digging behavior of VPA mice (Supplementary Figure 5a) . In the open field test, the increased distance moved and stay duration within the center area of VPA mice was not rescued by treatment with 0.25 and 0.5 mg/kg CP465022 but, at 1 mg/kg, CP465022 slightly reduced the increased distance moved and stay duration within the center area ( Supplementary  Figure 5b and c) .
Dysregulated AMPAR activity diminishes the normal social behaviors of control ICR mice Our results suggested that modulation of AMPAR activity can correct abnormal social behavior, possibly by correcting the aberrant excitatory neural transmission. On the basis of these results we hypothesized that dysregulation of AMPAR-derived excitatory neural transmission can induce abnormal social behaviors. To investigate this hypothesis, we administered either AMPAR agonist (PF4778574) or antagonist (CP465022) to control ICR mice, and investigated their behavioral changes (Fig. 5) . The AMPAR agonist, PF4778574, at 0.3 mg/kg which is a high dosage, reduced the time spent in the stranger mouse area during the sociability test (Fig. 5a, b) . This dosage only slightly affected the social novelty preference, but the same was not observed for lower doses (Fig. 5c, d) . Interestingly, we also confirmed the impaired social behavior induced by AMPAR agonist in the juvenile social play test, where the social interaction was significantly decreased in the 0.3 mg/kg dose group (Supplementary Figure 6a ).
On the other hand, the group treated with the high dosage of AMPAR agonist (1 mg/kg) also displayed reduced preference to the peer mouse over the empty cage during the sociability test (Fig. 5h, i) . However, the preference to the novel mouse was intact in all dosage groups during the social preference test (Fig. 5j, k) . Interestingly, neither AMPAR agonist nor antagonist treatment affected the repetitive behavior at any dose tested. We also confirmed that these social behavioral impairments were not due to abnormal locomotor activity, or anxiety or spatial memory problems using the open field and Y-maze tests after AMPAR agonist or antagonist treatment (Supplementary Figures 6 and 7) . Fig. 1 Decreased expression of ionotropic glutamate receptors and reduced excitatory synaptic transmission in Cntnap2 KO mice. To quantify the expression level of proteins and measure synaptic transmission western blotting (a, b) and whole-cell patch clamp recordings (c-e) were performed, respectively, using the medial prefrontal cortex. a, b The levels of ionotropic glutamate receptor subunits GluA1, GluA2, GluN2A, and GluN2B, but not GluN1, were significantly decreased in Cntnap2 knockout (KO) mice. c Representative traces of the miniature excitatory postsynaptic currents (mEPSCs). d, e The amplitude of mEPSCs, but not frequency, was significantly decreased in Cntnap2 KO mice. For western blotting: N = 8-10, and for electrophysiology: N = WT: 18, KO: 17. ** , ***p < 0.01, 0.001, respectively vs. Con. In the graph, data are expressed as the mean ± standard error of the mean Pharmacological modulation of AMPA receptor rescues social… J-W Kim et al.
Thus, our results suggest that AMPAR-mediated excitatory neural activity regulation is crucial to maintain normal social behaviors.
DISCUSSION
In the present study, we found that administration of AMPAR PAM improved social deficits in Cntnap2 KO mice displaying decreased expression of glutamate receptors and reduced amplitude of mEPSCs. In contrast, AMPAR antagonist treatment rescued the social deficits in VPA mice exhibiting enhanced GluA1 and GluN2B expression and increased mEPSC amplitude. Moreover, we found that treatment with a high dose of AMPAR modulators induced social impairments without affecting repetitive behaviors, hyperactivity, and cognitive deficits in control mice. Thus, our results *** Grooming test Fig. 2 Activation of AMPAR rescues social deficit in Cntnap2 KO mice. After intraperitoneal administration of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) agonist, PF4778574, in Cntnap2 knockout (KO) mice, three-chamber social interaction test (a-d) or grooming test (e) was performed. In the three-chamber social interaction test, the stay duration (a, c), and approach duration (b, d) were measured. The impaired sociability and social preference behavior in Cntnap2 KO mice were improved by PF4778574 treatment (stranger vs. empty or familiar vs. novel; N.S. not significant, * , ** , ***p < 0.05, 0.01, 0.001, respectively; WT: 12, KO: 13, WT + PF0.3: 9, KO + PF0.3: 10). e Grooming test. The increased repetitive grooming behavior in Cntnap2 KO mice was not significantly reduced by PF4778574 treatment but showed only a slight decreasing trend; WT: 9, KO: 9, WT + PF0.3: 9, KO + PF0.3: 9; N.S. not significant, ***p < 0.001, respectively. In the bar graph, data are expressed as the mean ± standard error of the mean (WT: Cntnap2 wild-type mice, KO: Cntnap2 KO mice, PF0. GluA2/actin Fig. 3 Increased expression of ionotropic glutamate receptors and enhanced excitatory synaptic transmission in VPA mice. To quantify the expression level of proteins and measure the synaptic transmission, western blotting (a, b) and whole-cell patch clamp recording (c-e) were performed, respectively, using the medial prefrontal cortex (mPFC) region. a, b The levels of GluA1 and GluN2B were significantly increased in VPA mice. c Representative traces of miniature excitatory postsynaptic currents (mEPSCs) in the mPFC. d, e The amplitude of mEPSCs, but not frequency, was significantly increased in VPA mice (western blotting: N = Con: 7, VPA: 7; electrophysiology: N = Con: 26, VPA: 38; * , **p < 0.05, 0.01, respectively vs. Con). In the graph, data are expressed as the mean ± standard error of the mean (Con: mice exposed to saline on embryonic day 10, VPA: mice exposed to valproic acid on embryonic day 10)
suggest that AMPARs-mediated excitatory transmission can regulate social behaviors, which provides clues to understand the pathophysiological mechanisms of ASD.
Given that Cntnap2 KO mice display reduced mEPSCs amplitude but not frequency (Fig. 1) , and reduced expression of ionotropic glutamate receptors, CNTNAP2 seems to mediate the expression of ionotropic glutamate receptors in the postsynapse. A previous study suggested that CNTNAP2 might be involved in regulating GluA1 trafficking. In the study, hippocampal neurons derived from Cntnap2 KO mice displayed accumulation of GluA1 in the soma Fig. 4 Suppression of AMPAR activity rescues social deficit in VPA-exposed mice. After intraperitoneal administration of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) antagonist, CP465022, in VPA-exposed mice, three-chamber social interaction test (a-d), juvenile social play test (e), and repetitive self-grooming test (f) were performed. In the three-chamber social interaction test, the stay duration (a, c) and approach duration (b, d) were measured (N.S. not significant, * , ** , ***p < 0.05, 0.01, 0.001, respectively; 6 litters for Con, 12 litters for VPA and treatment groups; Con: 10, VPA: 13, V + CP0.25: 10, V + CP0.5: 10, V + CP1: 11). e Juvenile social play test. Cumulative social interaction time was measured for 10 min (**p < 0.01, vs. control; #, ### p < 0.05, 0.001, respectively vs. VPA; 6 litters for Con, 12 litters for VPA and treatment groups; N = Con: 9, VPA: 10, V + CP0.25: 8, V + CP0.5: 9, V + CP1: 10). f Repetitive result of self-grooming test. The increased repetitive grooming was not reduced by the AMPAR antagonist treatment in VPA mice (* , **p < 0.05, 0.01, respectively vs Con; 3 litters for Con, 8 litters for VPA and treatment groups; N = Con: 8, VPA: 8, V + CP0.25: 8, V + CP0.5: 8, V + CP1: 8). In the bar graph, data are expressed as the mean ± standard error of the mean (Con: mice exposed to saline on embryonic day 10; VPA: mice exposed to valproic acid on embryonic day 10; CP0.25: CP465022, 0.25 mg/kg; CP0.5: CP465022, 0.5 mg/kg; CP1: CP465022, 1 mg/kg) Pharmacological modulation of AMPA receptor rescues social… J-W Kim et al.
Grooming test
and reduced expression on the synaptic surface [34] . However, our whole-cell lysate blots showed that, in addition to GluA1, other ionotropic glutamate receptors were also reduced in Cntnap2 KO mice (Fig. 1) . Thus, it may be more plausible that CNTNAP2 is involved in maintaining synaptic stability or synaptic reorganization. Indeed, Cntnap2 shRNA KD in cortical neurons reduced EPSCs charge transfer without affecting the burst frequency, reduced spine density, and reduced neurite branches. However, these impairments were restored by the recovery of Cntnap2 expression [35] . Moreover, Cntnap2 KO mice showed reduced stability of newly formed spines in layer 5 pyramidal neurons of the somatosensory cortex and reduced spine density [36] . Although we could not explore this possibility here, our future study will address the role of CNTNAP2 in maintaining synaptic stability. The VPA mice exhibited increased excitatory transmission and ionotropic glutamate receptor expression, consistent with previous results [13, 30, 33, 37] . In our previous studies, we showed that prenatal exposure to VPA induced increased glutamatergic neuronal differentiation, which might lead to enhanced excitatory synaptic function in this animal model [13, 37] .
Although we could not demonstrate neural activity changes in the living animal after treatment with AMPAR modulators, the previously demonstrated pharmacokinetic and pharmacodynamics properties of PF4778574 and CP465022 support our findings. CP465022 is a highly selective, noncompetitive AMPAR antagonist [38] , and it blocks AMPAR currents regardless of the stimulation and voltage clamping (−60 and +30 mV) [38] by preventing AMPAR channel opening [39] . Additionally, subcutaneous or intravenous injection of CP465022 reduced the population peak amplitude in the hippocampus [31] , suggesting that peripheral administration of CP465022 can reduce excitatory neural activity in the brain. On the other hand, PF4778574 is a brain-penetrable AMPAR PAM. Subcutaneous injection of PF4778574 (0.178 mg/kg) led to a concentration in the brain of approximately 1.52 nM. In cortical neurons, PF4778574 activated AMPAR currents at a concentration higher than 3 nM [32] . To demonstrate its effectiveness in the brain directly, we confirmed the effects of PF4778574 using whole-cell patch clamp in layer 2/3 pyramidal neurons of the mPFC (Supplementary Figure 8) . We administered PF4778574 at two different concentrations (1 and 10 μM), and confirmed that 1 μM of PF4778574 was sufficient to increase the mEPSC amplitude to the maximum, while the mEPSC frequency was unaffected in Cntnap2 WT mice, indicating that the drug treatment did not affect the presynaptic function. In addition, the reduced mEPSC amplitude in Cntnap2 KO mice was enhanced by treatment with 1 μM PF4778574 to the basal level of WT mice. Thus, administration of the brain-penetrable, highly selective AMPAR modulators could affect the excitatory neural transmission in the brain and lead the social behavioral changes. Then, how does the AMPAR activity modulation affect social behavior? We can speculate the answer from the function of AMPAR in the synapse. Since AMPARs mediate a majority of the rapid excitatory transmission in the synapse and precise control of neural synchrony [40] [41] [42] , their functional problems possibly affect neural transmission and neural circuitry. In other words, increased and decreased AMPAR activity might cause noise and impaired connectivity, respectively, in the neural circuit due to altered excitatory neural activity. Indeed, VPA animal models display hyperconnectivity, hyper-reactivity, and hyper-plasticity, possibly due to enhanced excitatory neural transmission (reviewed in ref. [43] ). On the other hand, a resting state functional magnetic resonance imaging (rsfMRI) study demonstrated that Cntnap2 KO mice exhibited reduced connectivity in the PFC and hippocampus. Additionally, these connectivity defects significantly correlated with reduced social behavior in Cntnap2 KO mice [44] . Thus, it is plausible that administration of AMPAR modulators rescues abnormal social behavior by normalizing hyper-or hypoexcitatory neural transmission, and thereby, correcting the abnormal neural connectivity in the respective mouse models. However, in case of Cntnap2 KO mice, there is another possibility regarding the effects of PF4778574 on improved social behaviors. A recent optogenetic study showed that enhancing the parvalbuminpositive (PV) interneuronal activity in the mPFC region rescued social deficits in Cntnap2 KO mice [45] , indicating that suppressing neural activity in the mPFC region is required to rescue social deficits in Cntnap2 KO mice. Evidently, our results appear contradictory to those of Selimbeyoglu et al., but given that AMPARs are also observed in interneurons [46] , and activate PV interneurons by feed-forward interaction (reviewed in ref. [47] ), effects of the PF4778574 may not be limited to changes in excitatory neural transmission. Possibly, our systemic injection of PF4778574 activated both excitatory pyramidal neurons and PV interneurons, which might have rescued the decreased neuronal connectivity in the projections from the mPFC in Cntnap2 KO mice [44] . However, to address this possibility, further studies on the effects of regionand cell-type-specific AMPAR modulation on social behaviors of Cntnap2 KO mice will be required. In addition, to specify the role of AMPAR in regulating neural circuit connectivity, additional studies using fMRI or EEG also will be required.
In our results, AMPAR activity modulation does not affect the repetitive or hyperactive behaviors, suggesting these behavioral changes may be independent of AMPAR activity. However, previous studies have suggested that NMDAR modulators can alleviate repetitive [12, 48, 49] or hyperactive behaviors [12, 13, 50] , in addition to social behaviors, in ASD animal models. Moreover, abnormal function of NMDARs was implicated in the pathophysiology of repetitive or hyperactive behaviors [51, 52] . Given that NMDARs can regulate excitatory neural activity, Ca 2+ influx, its related signaling pathways, and subsequently, synaptic plasticity (reviewed in ref. [53] ), repetitive or hyperactive behavioral symptoms may have connection with NMDARmediated plasticity changes.
Here, we investigated the changes in glutamate receptor expression and function in the PFC or mPFC of both mouse models. The PFC is an important region for social recognition and emotional behavior not only in humans but also in rodents [54] [55] [56] . In addition, neurological and functional defects in this region are frequently observed in patients with ASD or animal models [56, 57] . Thus, investigating neurological or functional defects in the PFC is important to understand the pathophysiology of ASD. Although we could not elucidate the mPFC-specific role of AMPARs in regulating social behavior, our results demonstrate the clinical applicability of AMPAR modulators. Given that the route of administration in clinical studies is limited to the oral route, by which systemic exposure is inevitable, monitoring the effectiveness and toxicity of candidate drugs with a similar route of administration in preclinical studies is imperative.
Although several questions remain to be addressed due to the technical limitations, our findings illustrate the potential role of AMPARs in regulating social behavior, which enhances our understanding of the pathophysiology of ASD. Moreover, our findings suggest that classifying the patients with ASD depending on the intensity of E/I imbalance may be a promising strategy to develop individualized therapeutics for these patients.
